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Adipocytes Secrete Leukotrienes
Contribution to Obesity-Associated Inflammation and

Insulin Resistance in Mice
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Leukotrienes (LTs) are potent proinflammatory mediators, and
many important aspects of innate and adaptive immune responses
are regulated by LTs. Key members of the LT synthesis pathway
are overexpressed in adipose tissue (AT) during obesity, resulting
in increased LT levels in this tissue. We observed that several
mouse adipocyte cell lines and primary adipocytes from mice and
humans both can secrete large amounts of LTs. Furthermore, this
production increases with a high-fat diet (HFD) and positively
correlates with adipocyte size. LTs produced by adipocytes play
an important role in attracting macrophages and T cells in in vitro
chemotaxis assays. Mice that are deficient for the enzyme
5-lipoxygenase (5-LO), and therefore lack LTs, exhibit a decrease
in HFD-induced AT macrophage and T-cell infiltration and are
partially protected from HFD-induced insulin resistance. Simi-
larly, treatment of HFD-fed wild-type mice with the 5-LO inhibitor
Zileuton also results in a reduction of AT macrophages and T cells,
accompanied by a decrease in insulin resistance. Together, these
findings suggest that LTs represent a novel target in the preven-
tion or treatment of obesity-associated inflammation and insulin
resistance. Diabetes 61:2311-2319, 2012

besity is associated with a state of chronic, low-

grade inflammation that contributes to insulin

resistance (IR), type 2 diabetes, and increased

risk for cardiovascular diseases. In both humans
and rodents, inflammatory cells accumulate in adipose tis-
sue (AT) with increasing body weight, and evidence is
mounting that implicates these inflammatory cells as sig-
nificant contributors to obesity-associated IR (1). More
specifically, obesity leads in AT to a shift in balance of anti-
inflammatory M2 macrophages and T-helper 2 (Th2) and
regulatory T cells (Tregs) toward proinflammatory Th1 cells
and an influx of cluster of differentiation 8 (CD8)* effector
T cells, subsequently resulting in the recruitment and dif-
ferentiation of proinflammatory M1 macrophages (1). The
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resulting increase in the production and secretion of
proinflammatory factors leads to IR and type 2 diabetes.

An active area of current research focuses on identifying
the trigger(s) driving the recruitment of inflammatory cells to
obese AT. This study focuses on the potential role of leu-
kotrienes (LTs) in obesity-associated inflammation and IR.

LTs are potent proinflammatory mediators, and many
important aspects of innate and adaptive immune responses
are regulated by LTs (2). LTB4 is a potent leukocyte che-
moattractant and activator (2). This LT promotes the gener-
ation of M1 macrophages (3). However, cysteinyl-containing
LTs (CysLTs; LTC4, -D4, and -E4) contract smooth muscles,
particularly in the peripheral airways, and are regarded as
pivotal mediators of bronchial asthma (2). LTB4 and CysLTs
are potent chemoattractants for T cells (4-6). Furthermore,
LTB4 inhibits Treg differentiation and stimulates Tyl17 dif-
ferentiation, a T-cell subset recently shown to be increased in
obesity (7,8).

Several studies have suggested a potential link between
the LT pathway and AT inflammation (9). The expression
of the enzyme 5-lipoxygenase (5-LO) and its nonenzymatic
cofactor 5-LO activating protein (FLAP) were both increased
in obese AT (10,11). These major players in LT biosynthesis
were expressed in adipocytes and in AT macrophages (ATMs)
in obese AT (10,11). A recent study demonstrated that
AT from obese mice, compared with AT from lean mice,
exhibited increased LTB4 levels. Furthermore, FLAP inhibi-
tion resulted in decreased ATM infiltration and improvement
of insulin sensitivity (12). Lastly, while the manuscript of
this article was being prepared, a study was published
showing that mice lacking the LTB4 receptor BLT1 exhibit
a similar decrease in ATM infiltration and improvement of
insulin sensitivity in a model of diet-induced obesity (13).

In our work, we analyzed the production of LTs by adi-
pocytes and their role in in vitro chemotaxis assays for
macrophages and T cells. We also studied the role of LTs in
AT infiltration with macrophages and T cells, and the sub-
sequent development of IR, in mice deficient for 5-LO or
treated with its inhibitor Zileuton.

RESEARCH DESIGN AND METHODS

Animal studies. All experimental procedures were conducted according to
French legislation. Breeder pairs for 5-LO '~ mice (B6.12952-Alox5tm1Fun/J),
which were backcrossed nine times to a C57BL/6J background, were pur-
chased from The Jackson Laboratory and were subsequently bred in-house to
yield the 5-LO’~ male mice used in this study. Male C57BL/6J mice used as
controls and for the Zileuton-treatment studies were also purchased from The
Jackson Laboratory. Both groups were fed a normal chow (NC) diet (5.1% kcal
from fat; UAR A03, Villemoisson, France) throughout the study or were started
on a high-fat diet (HFD; 60% kcal from fat; D12492, Research Diets) at age 12
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weeks for up to 15 (5-LO~/~ studies) or 17 weeks (Zileuton studies). Weight
gain and food intake were monitored throughout the diet.

Glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs) were

performed as described previously (14). Insulin was measured using the Ultra
Sensitive Rat Insulin ELISA kit (Crystal Chem). Weight-matched studies were
achieved by performing metabolic testing 2-3 weeks earlier on the 5-LO™"~
compared with the wild-type (WT) mice, whereas diet duration-matched
studies were performed at the same time on both genotypes. For the Zileuton
studies, HFD-fed mice received oral Zileuton (100 mg/kg; Tocris Bioscience)
or vehicle control (10% [v/v] DMSO in normal saline) daily during a 2-week
period. Primary adipocytes and stromal vascular cells (SVCs) were isolated
from AT, as described previously (14).
Human studies. The AT samples were collected from individuals undergoing
elective surgical procedures of fat removal for aesthetic purpose. Informed
consent, concerning the use of the AT samples for research only, was asked
before plastic surgery. Samples were collected in the research laboratory
without any data concerning the identity of the donor except sex, age, and BMIL.
The samples used for this study all came from women with an average age of
42 years (range 33-57) and an average BMI of 28 kg/m2 (range 21-38).

Mature adipocytes were isolated from subcutaneous white AT (scWAT), as
previously described (15). An aliquot of adipocytes was fixed (BD CellFIX so-
lution, BD Biosciences, France), and the number and diameter (average, 200
cells) were determined under a microscope (Nikon). Adipocytes (107/mL) were
maintained for 30 min at 37°C in Krebs-Ringer-bicarbonate buffer (pH 7.4)
containing 0.1% (w/v) fatty acid-free, low endotoxin BSA for LT production.
Real-time quantitative PCR analysis. Total RNA was extracted from AT with
Trizol reagent following the supplier’s protocol (Invitrogen). Total RNA (0.5 pg)
was reverse-transcribed using SuperScript II reverse transcriptase (Invitrogen).
Quantitative PCR (qPCR) was done using Power SYBR Green PCR master mix
(Applied Biosystems) on an ABI Prism 7000 Sequence Detector System (Applied
Biosystems). The mRNA levels of all genes reported were normalized to cy-
clophilin A transcript levels. Primer sequences are available upon request.
Eicosanoid extractions and measurements. Eicosanoids were extracted
from AT samples (200 mg) using 6-mL solid-phase extraction cartridges (C18,
Cayman Europe) following the manufacturer’s instructions. LTB4 and CysLT
levels in tissue extracts and conditioned media (CM) were simultaneously
measured using a Luminex 200 machine (Merck Millipore) by multiplexing
a Luminex LTB4 with a compatible CysLT kit (Cayman Europe). The AT sam-
ples from 5-LO"/" mice were used as negative controls and were spiked with
LTB4 and CysLTs (50 pg for both) before LT extraction to measure recovery.
We measured LT concentrations at background levels in these negative control
samples and had on average 89% recovery of LTs extracted from the spiked
samples (data not shown). The AT LT levels reported were corrected accord-
ingly and normalized for cell numbers that were estimated based on DNA
concentrations measured using a Quant-iT PicoGreen dsDNA kit (Invitrogen).
Cell culture studies. 3T3-L1 mouse embryo fibroblasts were obtained from the
American Type Culture Collection. 3T3-F442A cells were a gift from H. Green
(16), and the Ob17 cell line was established in our laboratory (17). These cells
were cultured and differentiated into mature adipocytes as described previously
(16). Where indicated, mature 3T3-L1 adipocytes underwent a 24-h treatment
with 10 ng/mL lipopolysaccharide (LPS) or CM obtained from RAW264.7 mac-
rophages. For the Zileuton studies, 3T3-L1 mature adipocytes (day 8-11) were
washed twice with PBS and then incubated for 24 h in serum-free DMEM with
0.2% BSA containing vehicle (1% [v/v] DMSO) or with increasing concentrations
of Zileuton. Cells were washed and underwent a second 24-h period of in-
cubation with drug- and serum-free media before CM harvest. The adipocyte
CM was centrifuged and filtered before use.

Chemotaxis assays. RAW264.7 macrophages were donated by G. Carle and
Jurkat T cells by J.-E. Ricci (both from University of Nice-Sophia Antipolis,
France), and these cell cultures were maintained in DMEM or RPMI-1640
supplemented with 10% (v/v) FBS, respectively. Chemotaxis assays were es-
sentially performed as described previously for RAW264.7 macrophages (18),
with the exception that migration of Jurkat T cells (grown in suspension) was
quantified by counting the cells found in the lower chamber using a hemocy-
tometer. Results were presented as the chemotactic index or ratio of cells in
the lower chamber in the presence versus the absence of chemoattractant
(serum-free DMEM).

Cytokine measurements. Cytokine/chemokine measurements in mouse se-
rum and adipocyte CM were performed using two different five-plex multiplex
assays adapted to serum or tissue culture media (Merck Millipore) on a Luminex
200 machine (Merck Millipore).

Immunohistochemistry and quantification of crown-like structures.
Macrophages were stained, followed by quantification of crown-like struc-
tures, as described previously (14). Essentially, the same procedures were
followed for T-cell stainings using a CD3 (ab5690, Abcam) antibody and an
anti-rabbit secondary antibody (Vector Laboratories), both at a 1:50 dilution.
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Fluorescence-activated cell sorter (FACS) analysis. SVCs were incubated
with Fc Block (BD Biosciences, San Jose, CA) for 20 min at 4°C before staining
with fluorescently labeled primary antibodies or control IgGs for 25 min at
4°C. F4/80-allophycocyanin, CD11b-phycoerythrin-Cy7, CD11c-phycoerythrin,
CD3-phycoerythrin, CD4-fluorescein isothiocyanate, and CD8-allophycocyanin
FACS antibodies were purchased from eBioscience. Cells were gently washed
twice and resuspended in FACS buffer with DAPIL. SVCs were analyzed using
a FACSCalibur flow cytometer (BD Biosciences). Unstained, single stains, and
FMOs (fluorescence minus one) controls were used for setting compensation
and gates (see Supplementary Fig. 1 and Fig. 2).

Statistical analysis. All calculations were performed using Prism 3.02 soft-
ware (GraphPad, San Diego, CA). Statistical significance between two groups
was determined by the Student ¢ test. Comparisons among several groups were
performed by ANOVA. When the results passed the ANOVA test, we per-
formed Bonferroni multiple comparison post-tests to calculate the relevant
P values.

RESULTS

LT production in AT and adipocytes. To analyze the
effects of anatomic location and diet on AT LT production,
we measured LTB4 and CysLTs, in sc-WAT and epididymal
WAT (epi-WAT) from NC- and HFD-fed mice. Figure 1A
shows that LTB4 levels are three- to fourfold higher in epi-
versus sc-WAT and increase another three- to fourfold
with a HFD. Figure 1B shows similar results for CysLTs,
although the depot- or diet-dependent changes in CysLT
levels amount to only about a 30-40% increase. Overall,
LTB4 levels are approximately 10- to 20-fold higher than
CysLT levels.

When measuring LT secretion by 3T3-L1 adipocytes, we
discovered that adipocytes secrete large amounts of LTs
(Fig. 1C) compared with RAW264.7 macrophages, which
have been described to secrete LTs (19). To verify whether
this was not just an artifact of the 3T3-L1 cell line, we also
measured LT secretion by two other adipocyte cell lines
(Fig. 10). 3T3-F442A and Obl7 adipocytes secrete LTB4
and CysLTs in differing amounts for each cell line. We
could not detect LT secretion by 3T3-L1 preadipocytes.
This is in agreement with relatively low mRNA levels of LT
synthesis pathway enzymes in preadipocytes versus ma-
ture adipocytes (Supplementary Fig. 3). LT production by
3T3-L1 adipocytes was increased after treatment with LPS
or RAW264.7 macrophage CM, suggesting that inflammatory
stimuli increase LT production in adipocytes (Supplemen-
tary Fig. 4).

In addition to these adipocyte cell lines, we measured LT
secretion by primary mature adipocytes and SVCs isolated
from epi-WAT from NC- and HFD-fed mice (Fig. 1D and E).
Figure 1D shows that primary mature adipocytes derived
from epi-WAT secrete LLTB4 and CysLTs and that pro-
duction increases with HFD-feeding. LT secretion by pri-
mary mouse mature adipocytes is higher than in mouse
adipocyte cell lines. SVCs also secrete LTs in a similar diet-
dependent manner but secrete more LTB4 and CysLTs
than primary adipocytes (Fig. 1E). We adjusted for the
proportions of both cell subsets in AT (see Supplementary
Fig. 5) to calculate the relative contribution of each subset
to the total LT production by AT (Fig. 1F). This demon-
strates that adipocytes account for 456% of the total LTB4
and 24% of the total CysLT production in AT from mice fed
NC. With the HFD, this contribution decreases to 33% and
12%, respectively, due to a reduction of adipocytes per
gram of AT (most likely due to increased adipocyte size)
and a slight (nonsignificant) increase of SVCs (perhaps due
to infiltration of inflammatory cells).

We also measured LT secretion by human primary ma-
ture adipocytes isolated from sc-WAT. We observed that
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FIG. 1. LT production in adipose tissue and adipocytes. LTB4 (A) and CysLT (B) levels in pg/million cells in sc- and epi-WAT derived from NC- or
HFD-fed mice (n = 6). C: LTB4 (left y-axis) and CysLT (right y-axis) secretion in pg/h/million cells by 3T3-L1, 3T3-F442A, or Ob17 adipocytes
compared with RAW264.7 macrophages. LTB4 and CysLT secretion in pg/h/million cells by primary adipocytes (D) or SVCs (E) isolated from epi-
WAT derived from NC- or HFD-fed mice (n = 4/group). F: Relative contribution in percentage of adipocytes and SVCs to total epi-WAT LT pro-
duction. LTB4 (G) and CysLT (H) in pg/h/million cells secreted by primary adipocytes isolated from human sc-WAT in correlation with adipocyte
size (n = 8). Black squares represent the data points used to perform linear regression analysis (solid line). Dashed lines represent the 95%
confidence interval for the regression line. Data are expressed as mean + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.

human primary mature adipocytes also secrete LTs and that
their levels positively correlate with adipocyte size (Fig. 1G
and H). There was only a mild (R* = 0.506, P = 0.0479) or no
correlation (R* = 0.0072, P = 0.8352) between BMI and LTB4
and CysLT secretion, respectlvely (data not shown).

Role of LTs in adipocyte-induced RAW264.7 macrophage
and Jurkat T-cell chemotaxis and adipokine secretion.
LTs are known to be potent macrophage and T-cell che-
moattractants (2,4-6). Because we demonstrated that pri-
mary adipocytes can secrete LTs in a diet-dependent manner
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(Fig. 1), we tested the macrophage chemotactic potential of
CM obtained from primary adipocytes derived from epi-WAT
from NC- and HFD-fed WT mice and compared that with
that of HFD-fed LT-deficient 5-LO ™/~ mice (Supplementary
Fig. 6). These results demonstrate that primary adipocytes
isolated from obese AT secrete more chemotactic activity
than those isolated from normal AT and that this increase
is lacking in the absence of LTs. To study this further, we
measured RAW264.7 macrophage and Jurkat T-cell chemo-
taxis stimulated by CM harvested from 3T3-L1 adipocytes
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FIG. 2. Role of LTs in adipocyte-induced RAW264.7 macrophage chemotaxis and adipokine secretion. The chemotactic index or ratio of RAW264.7
macrophages (A) or Jurkat T cells (B) in the lower chamber of an 8-pm filter insert in the presence vs. the absence (serum-free DMEM) of
chemoattractant was determined using CM from 3T3-L1 adipocytes that were treated with increasing amounts of the 5-LO inhibitor Zileuton
(Zil.). C: Secretion in pg/mL of MCP-1, IL-6, TNF-«, PAI-1, and IL-10 by 3T3-L1 adipocytes treated with Zileuton (5 pmol/L) or vehicle (veh.). Data
are expressed as mean = SEM (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.001 compared with vehicle control (1% DMSO).

treated or not with increasing concentrations of the 5-LO
inhibitor Zileuton. As shown in Fig. 24, CM harvested from
vehicle-treated 3T3-L1 adipocytes induced chemotaxis of
the RAW264.7 macrophages, whereas CM from Zileuton-
treated 3T3-L1 adipocytes exhibited a concentration-
dependent decrease in chemotactic potential with full
blockage of chemotaxis at 500 nmol/L Zileuton. Similarly,
Jurkat T-cell chemotaxis was fully blocked at 1 pwmol/L
Zileuton (Fig. 2B). From this, we conclude that inhibiting
LT production by adipocytes can fully block their chemo-
tactic potential for macrophages and T cells.

We also studied the effect of Zileuton treatment on
cytokine/chemokine secretion by 3T3-L1 adipocytes.
Figure 2C shows that the treatment resulted in reduced se-
cretion of the proinflammatory cytokines/chemokines mono-
cyte chemoattractant protein 1 (MCP-1), interleukin 6 (IL-6),
tumor necrosis factor-a (TNF-a), and plasminogen acti-
vator inhibitor 1 (PAI-1), and increased secretion of the
anti-inflammatory cytokine IL-10. Together, these in vitro
results suggest that LTs produced by adipocytes can play an
important role in the macrophage and T-cell infiltration and
increased expression of inflammatory cytokines/chemokines
observed in obese AT.

Metabolic analyses of HFD-fed mice deficient for
5-LO or treated with the 5-LO inhibitor Zileuton. To
investigate the in vivo role of LTs in obesity- assoc1ated
inflammation and IR, we used LT-deficient 5-LO /" mice.
These mice and thelr WT counterparts were fed NC or
a HFD for 15 weeks. HFD induced weight gain was more
pronounced in 5-LO~’~ mice compared with their WT
counterparts (Table 1 and Flg 3A) This increased vve1ght
gain observed in the 5-LO /" mice seems to be due to in-
creased food intake (Flg 3B). The ITT and GTT results
showed that the 5LO~"" mice were partially protected against
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HFD-induced IR compared with their WT counterparts
(Fig. 3C). This was observed in animals matched for
weight and diet-duration, indicating that this protective
phenotype persists desplte the increased weight gain ob-
served in the 5-LO/~ animals (see Table 2 for weights
during metabolic testing). The ITT results indicate that
even when fed NC, the 5-LO'~ mice are more insulin-
sensitive than the WT mice. Serum insulin levels measured
during the GTTs show that the 5-LO ™/~ mice need to se-
crete less insulin to normalize their blood glucose levels
compared with their WT counterparts, regardless of their
diet (Fig. 3E). The latter confirms that LT-deficiency ren-
ders mice more insulin-sensitive than their WT counter-
parts. In agreement with this phenotype fasting serum
glucose and insulin levels are also lower in HFD 5-LO "/
mice compared with their WT counterparts (Table 1).
Similarly, HFD-fed mice that were already IR regained
insulin sensitivity after 2 weeks of daily treatment with the
5-LO inhibitor Zileuton, as measured by ITTs and GTTs
(Fig. 3D). Although the GTT shows two overlapping curves,
the serum insulin measurements (Fig. 3F) indicate that less
insulin was needed in the Zileuton-treated mice compared
with the vehicle-treated animals to obtain the same blood
glucose-lowering response. In agreement with this, fasting
serum insulin levels were lower in the Zileuton-treated
compared with vehicle-treated animals (Table 1). The Zileuton
treatment reduced the epi-WAT LTB4 and CysLT levels
by 74% and 65%, respectively (data not shown). Together,
these in vivo experiments demonstrate that the absence of
LTs and the inhibition of their production both lead to a
protection against HFD-induced IR in mice.
ATM and T-cell quantification in HFD-fed mice deficient
for 5-LO or treated with the 5-LO inhibitor Zileuton.
Next, we quantified macrophages and T cells in AT from

diabetes.diabetesjournals.org
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TABLE 1
Body and tissue weights and serum characteristics of animals studied
NC HFD HFD

WT 5LO" WT 5-LO0" WT vehicle WT Zileuton
Body weight (g) 33.80 + 0.47 34.33 £ 149 49.55 + 1.18 53.14 = 0.77* 49.03 = 0.32 48.3 = 1.54
Sc-WAT (g) 0.67 = 0.08 0.50 = 0.09 2.70 = 0.13 2.71 £ 0.08 2.79 = 0.10 2.73 = 0.22
Epi-WAT (g) 0.95 = 0.18 1.03 £ 0.20 1.63 = 0.14 1.70 = 0.12 1.60 = 0.06 1.567 £ 0.08
Liver (g) 1.18 = 0.04 1.31 = 0.20 2.24 = 0.15 2.01 = 0.22 2.10 = 0.08 2.26 = 0.18
Serum glucose (mg/dL) 184.7 £ 4.1 169.5 £ 74 252.9 + 12.6 214.8 + 8.4* 229.2 = 17.0 224.7 = 15.1
Serum insulin (ng/mL) 1.07 = 0.09 0.89 = 0.10 5.49 = (.70 3.67 £ 0.36* 6.22 = (.82 1.88 = (.32

Data are expressed as mean = SEM. *P < 0.05, **P < 0.01 indicating significant difference between genotype/treatment group within diet

(n = 6/group).

HFD-fed 5-LO "/~ mice or their WT counterparts treated
with the 5-LO inhibitor Zileuton. Immunohistochemical
stainings for the macrophage marker MAC2 or the T-cell
marker CD3 both show a reduction of crown-like struc-
tures in AT from HFD-fed 5-LO/~ and Zileuton-treated WT
mice compared with respective controls (Fig. 4A and B).
This reduction of ATMs and T cells was confirmed by qPCR
analysis of the relative mRNA levels of the macrophage
marker CD68 and T-cell marker CD3, although the decrease
observed with Zileuton treatment did not reach statistical
significance for CD68 (Fig. 4C and E). FACS analysis of the
SVCs isolated from AT shows that the decrease in ATMs is
largely due to a reduction in proinflammatory M1 (F4/
80*CD11b"CD11c") macrophages with a minor but not sig-
nificant decrease in number of anti-inflammatory M2 macro-
phages (F4/80*CD11b*CDl1c™) (Fig. 4D). However, the
proportion of M2 macrophages as a percentage of total
macrophages actually increased (Fig. 4D), suggesting that LT
absence leads to a shift in proportion of M1 versus M2 mac-
rophages.

A similar FACS analysis demonstrated that there is a

global reduction in T cells with an equal relative reduction
of both CD4* and CD8" T cells without a shift in percentages
of either T cell subset (Fig. 4F). Together, these results
demonstrate that the absence of LTs and the inhibition of
their production both lead to a reduction of ATMs and T
cells, with a preferential decrease in the proinflammatory
M1 macrophage subset.
Serum protein and AT mRNA levels of pro- and anti-
inflammatory cytokines/chemokines. Finally, we measured
serum protein and AT mRNA levels of pro- and anti-
inflammatory cytokines/chemokines in HFD-fed mice de-
ficient for 5-LO or treated with the 5-LO inhibitor Zileuton.
The absence of LTs and the inhibition of their production
both leads to a decrease in serum protein levels for the
proinflammatory cytokines/chemokines MCP-1, IL-6, TNF-«,
and PAI-1 and an increase in the anti-inflammatory cyto-
kine IL-10 (Fig. bA). Similar results were obtained when
we measured the relative mRNA levels of these cytokines/
chemokines in AT (Fig. 5B). Together, these findings show
that LT deficiency results in an improved inflammatory state
in HFD-fed mice, both systemically and locally in AT.

DISCUSSION

The current study provides novel information on the capacity
of mouse and human adipocytes to produce LTs. Further-
more, we show that adipocyte LT production increases with
obesity and positively correlates with adipocyte size. Our
chemotaxis experiments suggest that LTs play a crucial role
in macrophage and T-cell chemotaxis induced by 3T3-LL1 CM
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(Fig. 2). The complete block of macrophage and T-cell che-
motaxis with Zileuton treatment could be explained by in-
direct effects of blocking of LT synthesis on the production of
other chemotactic factors such as MCP-1. Previous work
showed that LTs can induce MCP-1 expression in macro-
phages (20), and we now demonstrate that Zileuton treat-
ment of 3T3-L1 adipocytes leads to a reduced secretion of
MCP-1 by these cells (Fig. 2C), suggesting that LTs pro-
duced by adipocytes can stimulate MCP-1 production by
those cells in an autocrine fashion.

Our in vivo results show some discrepancies with earlier
publications. A recent publication demonstrated an in-
crease in LTB4 levels in AT from obese 0b/ob mice com-
pared with lean mice but did not observe a change in
CysLT levels (12). Although we used a diet-induced model
of obesity, this other study investigated the leptin-deficient
ob/ob mice. Leptin has been shown to induce LT pro-
duction (21,22), so the leptin deficiency might explain the
absence of the increase of CysLT levels in the AT of these
mice. Furthermore, although the same study showed a de-
crease in TNF-a and IL-6 mRNA levels in AT and 3T3-L1
adipocytes treated with a FLAP inhibitor, similar to our
observations when using a 5-LO inhibitor, these investigators
did not see a decrease in MCP-1 mRNA levels in AT and only
a slight, nonsignificant, decrease in 3T3-L1 adipocytes treated
with the FLAP inhibitor. Their MCP-1 results are some-
what surprising considering that they show in the same
study that LT treatment of AT explants results in a dose-
dependent increase in MCP-1 secretlon

Another group published that 5- LO™/~ mice are more
prone to weight gain even when fed a NC diet and that this
is not due to 1ncreased food intake (23). We also observed
that the 5-LO '~ mice gained more weight than their WT
counterparts, but this only reached statistical significance
when the animals were fed a HFD (Table 1, Fig. SA) De-
spite the increased weight of the HFD-fed 5—LO " Tmice,
we did not observe significant increases in fat pad Weight.
We believe that the weight change was too small to mon-
itor with significant changes in individual fat pad weight.
However, we did observe a difference in food intake in our
animals, regardless of diet (Fig. 3B). Perhaps the other
investigators missed the difference in food intake because
they only measured daily food intake for a 6-day period,
whereas we measured daily food intake throughout the 13
weeks of diet. Furthermore, these mvestlgators published
another study claiming that 5—LO mice are hyperglycemlc
and that they exhibit impaired insulin secretion in response
to a bolus glucose injection, resulting in significantly higher
plasma glucose levels than WT mice (24). We actua.lly
detected lower fastmg plasma glucose levels in 5-LO
compared with WT mice, although this difference was not
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FIG. 3. Metabolic analyses of HFD-fed mice deficient for 5-LO or treated with the 5-LO inhibitor Zileuton. A: Weight in grams of WT and 5-LO '~ mice
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*P < 0.05, **P < 0.01, and ***P < 0.001 comparing WT HFD with 5-LO~’~ HFD. D: ITT and GTT comparing WT HFD mice that received a daily oral
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weight- or diet duration-matched WT and 5-LO~"~ mice fed NC or HFD (E ) or when comparing Zileuton- with vehicle-treated mice (F'). *P < 0.05 when
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TABLE 2
Body weights during metabolic tests

WT Weight-matched 5-LO '~ Diet duration-matched 5-LO ™/~
NC HFD NC HFD NC HFD
ITT
Weeks of diet 9 9 7 7 9 9
Average BW (g) 29.63 = 0.35 44.00 = 1.29 31.00 = 0.58 43.00 = 1.48 30.50 = 0.87 46.20 = 1.28*
GTT
Weeks of diet 13 13 10 10 13 13
Average BW (g) 30.86 = 0.75 48.26 * 0.75 30.67 = 0.33 47.40 * 1.47 32.75 = 0.85 52.40 = 0.81*

Data are expressed as mean = SEM. BW, body weight. *P < 0.05 between genotype within diet (n = 6/group).

statistically significant in NC-fed mice (Table 1). In addi-
tion, we observed a decrease in plasma glucose levels in
HFD fed 5LO~’~ mice compared with their WT counter-
parts after a bolus glucose injection (Fig. 3C). Although
we do find a decrease in fasting plasma insulin levels
and glucose- 1nduced secretion of insulin durmg GTTs
in both 5-LO~’~ and HFD-fed Zileuton-treated mice, we be-
lieve that this simply reflects the increased insulin-sensitive
state of these mice. In support of our findings, studies per-
formed on apolipoprotein E~/7/5-LO™'~ double-knockout
mice also showed improved insulin sensitivity and reduced
serum glucose levels compared with apolipoprotein * mice,
confirming that 5-LO deficiency leads to increased insulin
sensmVlty (25). Nonetheless, our data cannot rule out de-
creases in insulin secretion in the 5-LO~'~ and Zileuton-
treated mice that may exhibit better glucose tolerance
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through compensation by increased insulin sensitivity due to
decreased inflammation.

We observed differences in ATM and T-cell content be-
tween both of our control groups, with more macrophages
and fewer T cells present in the AT from the vehicle-treated
HFD-fed WT control group compared with the HFD fed
WT mice used as a control group for the 5-LO/~ mice
(Flg 4). These differences were most likely because these
mice had been fed the HFD for different intervals (15 weeks
for the 5-LO "~ study and 17 weeks for the Zileuton study).
Regardless of these differences between the control groups,
the reduction in both ATM and T-cell content is similar
whether LTs are absent throughout the development of
obesity (5—LO ), or LT production is blocked once obesity
has been established (Zileuton treatment of HFD-fed mice).
We show that this reduction of inflammatory cells in AT is
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FIG. 4. ATM and T-cell quantification in HFD-fed mice deficient for 5-LO or treated with the 5-LO inhibitor Zileuton. Immunohistochemical
stammgs for the macrophage marker MAC2 (A) or the T-cell marker CD3 (B) in paraffin-embedded epi-WAT sections from HFD-fed WT and
5-LO ™'~ mice and HFD-fed WT mice treated with vehicle or Zileuton. Quantitative representations of the illustrations on the left are shown in the
graphs on the right of each panel, where ATM or T-cell presence is presented as crown-like structures (CLS) per 1,000 nuclei. gPCR analysis of
relative mRNA levels of the macrophage marker CD68 (C) or the T-cell marker CD3 (E) in the same set of epi-WAT tissues. FACS analysis of SVCs
derived from again the same samples, quantifying the total number of macrophages (D) or T cells (F) per gram epi-WAT and their composition in
percentages of M2 (F4/80"CD11b*CD11¢™) and M1 (F4/80"CD11b*CD11c*) ATMs or CD4* (CD3*CD4*CD87) and CD8* (CD3*CD4CD8*) T cells,
respectively. Data are expressed as mean = SEM (n = 6/group). *P < 0.05 and **P < 0.01 compared with WT or vehicle control groups. (A high-
quality digital representation of this figure is available in the online issue.)
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FIG. 5. Serum protein and AT mRNA levels of pro- and anti-inflammatory cytokine/chemokines. A: Fasting serum levels of MCP-1, IL-6, TNFa, PAI-1,
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(n 2 6/group). *P < 0.05, **P < 0.01, and ***P < 0.001 compared with WT or vehicle control groups.
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accompanied by a reduction in AT mRNA levels of proin-
flammatory factors (Fig. 5B). Our data suggest that the latter
reduction is not solely due to a decrease in inflammatory
cell infiltration of AT because we demonstrate that inhib-
iting LT production by adipocytes leads to a reduction of
secretion of proinflammatory factors by the same cells.
Our studies do not allow us to draw conclusions regar-
ding the relative roles of LT production by the adipocyte
and stromal vascular compartments in the phenotypes
observed.

Zileuton is currently used under the trade name ZYFLO
for the maintenance treatment of asthma. Interestingly, there
is a growing research interest that focuses on the association
between asthma and obesity, and a possible mechanism
linking both concerns immunoregulation and inflammation
(26). Moreover, a recent study suggests that asthma in obese
patients is LT-driven (27). It would be of interest to perform
prospective studies to determine if obese asthmatic individ-
uals do indeed demonstrate superior therapeutic responses
to LT-modifying agents and whether the same patients also
show improvements in insulin sensitivity as a result of their
treatment.

ACKNOWLEDGMENTS

This research was supported by the Institut National de la
Santé et de la Recherche Médicale, the Université de Nice-
Sophia Antipolis, the Conseil Général des Alpes-Maritimes,
and the Centre Hospitalier Universitaire de Nice.

No potential conflicts of interest relevant to this article
were reported.

LM.-S. and P.A.G. researched the data and reviewed and
edited the manuscript. C.F., HA.,, C.P,, VB, and J.G.,
researched the data. C.C.F., A.B., and E.V.O. reviewed and
edited the manuscript. J.G.N. researched the data and
wrote the manuscript. J.G.N. is the guarantor of this work
and, as such, had full access to all of the data in the study
and takes responsibility for the integrity of the data and
the accuracy of the data analysis.

The authors thank Aurele Besse (INSERM, U1048,
“Stroma-Vascular Cells of Adipose Tissue” Team, Institute
of Metabolic and Cardiovascular Diseases, Toulouse, France)
for help with the human studies; Agnes Loubat for the FACS
analysis, Jean Guidicelli for help with serum measure-
ments, and Georges Manfroni for his assistance with the
animal studies (all from Faculty of Medicine, University of
Nice-Sophia Antipolis, Nice, France); and Jean-Francois
Tanti (INSERM U1065, Mediterranean Centre for Molecu-
lar Medicine [C3M]) for providing mouse primary adipo-
cyte and SVC samples.

REFERENCES

1. Gregor MF, Hotamisligil GS. Inflammatory mechanisms in obesity. Annu
Rev Immunol 2011;29:415-445

2. Peters-Golden M, Henderson WR Jr. Leukotrienes. N Engl J Med 2007;357:
1841-1854

3. Harizi H, Gualde N. Dendritic cells produce eicosanoids, which modulate
generation and functions of antigen-presenting cells. Prostaglandins Leu-
kot Essent Fatty Acids 2002;66:459-466

4. Prinz I, Gregoire C, Mollenkopf H, et al. The type 1 cysteinyl leukotriene
receptor triggers calcium influx and chemotaxis in mouse alpha beta- and
gamma delta effector T cells. J Immunol 2005;175:713-719

diabetes.diabetesjournals.org

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

. Costa MF, de Souza-Martins R, de Souza MC, et al. Leukotriene B4 medi-

ates gammadelta T lymphocyte migration in response to diverse stimuli.
J Leukoc Biol 2010;87:323-332

. Miyahara N, Takeda K, Miyahara S, et al. Leukotriene B4 receptor-1 is

essential for allergen-mediated recruitment of CD8+ T cells and airway
hyperresponsiveness. J Immunol 2005;174:4979-4984

. Chen H, Qin J, Wei P, et al. Effects of leukotriene B4 and prostaglandin E2

on the differentiation of murine Foxp3+ T regulatory cells and Th17 cells.
Prostaglandins Leukot Essent Fatty Acids 2009;80:195-200

. Winer S, Paltser G, Chan Y, et al. Obesity predisposes to Th17 bias. Eur

J Immunol 2009;39:2629-2635

. Martinez-Clemente M, Claria J, Titos E. The 5-lipoxygenase/leukotriene

pathway in obesity, insulin resistance, and fatty liver disease. Curr Opin
Clin Nutr Metab Care 2011;14:347-353

Béck M, Sultan A, Ovchinnikova O, Hansson GK. 5-Lipoxygenase-activating
protein: a potential link between innate and adaptive immunity in athero-
sclerosis and adipose tissue inflammation. Circ Res 2007;100:946-949
Kaaman M, Rydén M, Axelsson T, et al. ALOX5AP expression, but not gene
haplotypes, is associated with obesity and insulin resistance. Int J Obes
(Lond) 2006;30:447-452

Horrillo R, Gonzalez-Périz A, Martinez-Clemente M, et al. 5-lipoxygenase
activating protein signals adipose tissue inflammation and lipid dysfunc-
tion in experimental obesity. J Immunol 2010;184:3978-3987

Spite M, Hellmann J, Tang Y, et al. Deficiency of the leukotriene B4 re-
ceptor, BLT-1, protects against systemic insulin resistance in diet-induced
obesity. J Immunol 2011;187:1942-1949

Patsouris D, Li PP, Thapar D, Chapman J; Olefsky JM, Neels JG. Ablation
of CD1lc-positive cells normalizes insulin sensitivity in obese insulin re-
sistant animals. Cell Metab 2008;8:301-309

Decaunes P, Esteve D, Zakaroff-Girard A, Sengenes C, Galitzky J, Bouloumié A.
Adipose-derived stromal cells: cytokine expression and immune cell con-
taminants. Methods Mol Biol 2011;702:151-161

Green H, Kehinde O. An established preadipose cell line and its differen-
tiation in culture. II. Factors affecting the adipose conversion. Cell 1975;5:
19-27

Négrel R, Grimaldi P, Ailhaud G. Establishment of preadipocyte clonal line
from epididymal fat pad of ob/ob mouse that responds to insulin and to
lipolytic hormones. Proc Natl Acad Sci USA 1978;75:6054—-6058

Patsouris D, Neels JG, Fan W, Li PP, Nguyen MT, Olefsky JM. Gluco-
corticoids and thiazolidinediones interfere with adipocyte-mediated mac-
rophage chemotaxis and recruitment. J Biol Chem 2009;284:31223-31235
Hulkower KI, Pollock JS, Walsh RE, et al. Leukotrienes do not regulate
nitric oxide production in RAW 264.7 macrophages. Prostaglandins Leukot
Essent Fatty Acids 1996;55:145-149

Huang L, Zhao A, Wong F, et al. Leukotriene B4 strongly increases mono-
cyte chemoattractant protein-1 in human monocytes. Arterioscler Thromb
Vasc Biol 2004;24:1783-1788

Maya-Monteiro CM, Almeida PE, D’Avila H, et al. Leptin induces macro-
phage lipid body formation by a phosphatidylinositol 3-kinase- and mam-
malian target of rapamycin-dependent mechanism. J Biol Chem 2008;283:
2203-2210

Mancuso P, Gottschalk A, Phare SM, Peters-Golden M, Lukacs NW,
Huffnagle GB. Leptin-deficient mice exhibit impaired host defense in
Gram-negative pneumonia. J Immunol 2002;168:4018-4024

Mehrabian M, Allayee H, Stockton J, et al. Integrating genotypic and ex-
pression data in a segregating mouse population to identify 5-lipoxygenase
as a susceptibility gene for obesity and bone traits. Nat Genet 2005;37:
1224-1233

Mehrabian M, Schulthess FT, Nebohacova M, et al. Identification of ALOX5
as a gene regulating adiposity and pancreatic function. Diabetologia 2008;
51:978-988

Martinez-Clemente M, Ferré N, Gonzalez-Périz A, et al. 5-lipoxygenase
deficiency reduces hepatic inflammation and tumor necrosis factor alpha-
induced hepatocyte damage in hyperlipidemia-prone ApoE-null mice.
Hepatology 2010;51:817-827

Tesse R, Schieck M, Kabesch M. Asthma and endocrine disorders:
shared mechanisms and genetic pleiotropy. Mol Cell Endocrinol 2011;
333:103-111

Giouleka P, Papatheodorou G, Lyberopoulos P, et al. Body mass index is
associated with leukotriene inflammation in asthmatics. Eur J Clin Invest
2011;41:30-38

DIABETES, VOL. 61, SEPTEMBER 2012 2319



